Abstract In the present study, during a period of 16 months Colilert 3000 was validated in laboratory and field tests and compared to standard laboratory methods for monitoring of coliforms and E. coli. No false positive/negative results for coliforms/E. coli were found in 80 potable well water samples monitored with the Colilert 3000 and compared to standard methods. Although usage of Colilert 3000 to monitor raw water is not recommended by the manufacturer, the E. coli results of 100 samples were 100% positive by membrane filtration, Colilert 18 and MPN and only 80% positive by the Colilert 3000. In addition, in all positive samples, Colilert 3000 and Colilert 18 showed higher results of two to three orders of magnitude compared to MF and MPN. This significant difference was probably due to the presence of Aeromonas spp. and Vibrio spp. (natural inhabitants of the raw surface water) known to interfere with the Colilert test. Treated surface water was monitored by Colilert 3000 for the presence of coliforms and E. coli. Among the 100 samples tested in parallel by membrane filtration all were negative, while with Colilert 3000 only 76% were negative. Post-test identification of the positive samples did not reveal the presence of E. coli but interfering microorganisms. The last application was to evaluate Colilert 3000 to monitor accidental or deliberate pollution of drinking water with sewage sources. Among 20 samples spiked with raw sewage (0.1 and 1%) all results were positive for both coliforms and E. coli. The time span required for Colilert 3000 to detect positive samples was 6-10 h compared to 24 h with the standard membrane filtration.
Introduction
In Israel and worldwide, monitoring of the microbial quality of drinking water is performed daily for indicator organisms such as coliforms and Escherichia coli (E. coli). Currently, the testing is conducted manually by membrane filtration method which is time consuming and requires laboratory preparations (APHA 1998) . Rapid and on-line monitoring of potable water are important challenges for the water industry and health authorities since culture methods present serious limitations as regard to quantitative and qualitative assessment or the ability to intercept sporadic contamination events. In a previous study, faecal contamination was monitored using a semiautomated early warning system called Colifast® Analyser System (Tryland et al. 2002) . This system is based on specific enzymatic activity of coliforms and faecal coliforms and the reported detection was 1-100 coliforms/100 ml within 6-12 h, however this system is only recently available.
Since 1999 the only commercially available apparatus for automatic on-line monitoring for the detection of coliforms/E. coli is Colilert 3000 (SERES, France). Colilert 3000 is compact, user-friendly, integrated equipment which collects, processes and analyses water samples automatically. It is designed to operate independently in either water facilities or remote locations by sending cellular alerts when positive detection occurs. Briefly, two biochemical reactions are involved for the detection of coliforms and E. coli based on two enzymes: β-galactosidase (yielding a yellow color) and β-glucoronidase (yielding blue fluorescent color) respectively (Edberg and Edberg 1988) . The procedure involves four automatic daily sampling of 100 mL each with a detection limit of 1 coliform/100 mL in 17 h (according to the manufacturer). Higher coliforms/E. coli numbers reduces the detection period employing chromogenic media for up to 6 h (Tryland et al. 2001) . The aim of the present study was to evaluate Colilert 3000 as an automated on-line detection system for groundwater, treated and non-treated surface water. In addition, simulation of contamination events was also performed in order to assess the advantages of using Colilert 3000 for such events. The results of our 16 months study are further discussed.
Materials and Methods
Colilert 3000 -The Colilert® 3000 (SERES, France) is configured as follows: a cabinet of 600 mm H, 700 mm W and 400 mm D dimensions and weighing 35 kg (220 V, 300 W) (Fig. 1) . It was modified to include two external pumps for manual sampling of spiked samples.
Operation Characteristics
The Colilert 3000 enables two operation modes: automatic on-line sampling (every 6 h) and semiautomatic sampling from spiked samples. In both modes the sampling interval is about an hour through which sample is injected in small portions into the substrate vials (colilert® media IDEXX, UK) and into the reaction cells. The apparatus detects coliforms at 35°C or E. coli at 44.5°C followed by the development of colors (yellow or blue fluorescent, respectively). The detection limit is 1 coliform in 17 h and it alerts when the signal is above the predetermined set point.
Calibration Curve
In order to quantify the time interval required by Colilert 3000 to detect a positive sample and correlate it with standard laboratory methods (CFU/100 ml) a calibration curve was calculated. Calibration curves were obtained by use of a commercial quality control standard (Bioball, BTF, Australia) that contains 28 to 33 E. coli CFU (ATCC 25922)/ball. The standard was diluted or added to achieve a range of 3 to 300 E. coli CFU/ 100 ml of spiked water samples by inserting it into the substrate vials before sampling and sterility was maintained throughout the process. These experiments were performed in the manual mode. 5 CFU/ 100 ml E. coli as a positive control was supplied by the manufacturer. These were randomly inserted to substitute the standard Colilert 3000 media vials in order to confirm its correct operation. The detection of the positive controls occurs after 2-3 h from sampling end point.
Laboratory Standard Methods
Analysis of total coliforms and fecal coliforms was conducted by membrane filtration method (MF) and most probable number method (MPN) as already described (APHA 1998).
Additionally, for testing of coliforms and E. coli in comparison with manual laboratory procedure we used Colilert-18 method (IDEXX, UK) that utilizes the same substrates as Colilert 3000. The testing procedure was according to manufacturer instructions.
Water Matrices
Groundwater monitoring was conducted by feeding the apparatus with potable water originating from a local well. Surface water monitoring was conducted at a major reservoir (Eshkol) of 6 million m 3 for two water types: raw surface water which is collected from Sea of Galilee and treated water following flocculation and chlorination. Typical characteristics of this matrix were: DOM 2.57 ppm, TOC 2.7 ppm, SS (105°C) 1.46 ppm, Turbidity 1.1 NTU, pH 7.6, NH 4 <1.0 ppm, NO 2 <0.02 ppm and NO 3 <0.01 ppm.
Simulation of Highly Polluted Water
Heavy pollution of raw surface water was simulated by addition of raw wastewater from a local sewage treatment plant to raw surface water samples from Eshkol reservoir (up to 1% v/v) . These experiments were performed in the manual mode.
Statistical Analysis
Data of various microbial parameters were analysed by t-test (at p<0.05) for significance with Statview software.
Results and Discussion
Colilert 3000 was initially calibrated with Bioball standards and detected 3 CFU/100 ml after 14 h, 30 CFU/100 ml after 13 h and 300 CFU/100 ml after 11 h (Fig. 2) . These results are in agreement with the manufacturer statement regarding its sensitivity (1 coliform in 17 h).
3.1 On-Line Monitoring of Raw Surface Water for Coliforms and E. coli
Although use of Colilert 3000 to monitor raw water sources is not recommended by the manufacturer, raw surface water originating from Lake Kinneret (the main water reservoir of Israel) was tested for the presence of coliforms (Fig. 3) . Among 100 samples (10 samples/day), 100% were positive by the laboratory methods (MF, MPN, Colilert 18) and only 80% positive by the Colilert 3000. Coliform colonies verification obtained by the MPN classical method, revealed that these are true coliforms (acid and gas production in lactose broth at 35±1°C for 48 h and further after transfer to brilliant green broth gas production at 35±1°C for 48 h, APHA 1998). The disparity between Colilert 3000 and the other three methods was related to malfunction of one of the equipment cell, replaced later by the manufacturer. Colilert 3000 and Colilert 18 tests showed significantly higher results of two to three orders of magnitude compared to MF and MPN. It was confirmed that the two to three log difference is attributed to the presence of Aeromonas spp., Vibrio spp. (frequently isolated from Lake Kinneret and identified by DNA analysis) and algae that are known to interfere with the Colilert test (Shadix and Rice 1991; Pisciotta et al. 2002; Davies et al. 1994) . Additional 25 samples of raw drinking water from Gesher B (a point in the National Water Carrier before treatment) were tested for both coliforms and E. coli in order to verify the preliminary results ( Fig. 3 ) and previous malfunction of one of the equipment cells (Fig. 4) . As shown in Fig. 4 both tests (Colilert 3000 and 18) that are based on chromogenic and fluorogenic substrates, revealed two orders of magnitude higher counts of coliforms and E. coli compared to MF and MPN methods from raw water. As already previously mentioned the interference of bacteria and algae with β-D-galactosidase and β-D-glucoronidase activity is a major factor on the elevated levels detected by the Colilert methods (3000 and 18; Davies et al. 1994 is our assumption that interfering microbiota found in surface waters might be involved in false positive results due to its capability to hydrolyze MUG (Tryland and Fiksdal 1998) .
On-Line Monitoring of Potable Groundwater
Tap water originated from a treated local groundwater source was monitored for the presence of coliforms and E. coli in comparison with standard membrane filtration method. Of all 80 coliforms/E. coli tests from well water no false positive or false negative results were reported for the Colilert 3000 compared with MF (data not shown). Intermittently positive controls were fed to Colilert 3000 to verify its on-line function and sensitivity.
Monitoring Events of Heavy Pollution of Raw Surface Water
During heavy rainfall a potential pollution of the raw surface water occurs due to substantial runoff. In order to acquire an early warning of such event, online monitoring of these waters is desirable. The Coliforms baseline of our raw surface water is approx 10 CFU/100 ml, of which the Colilert detects after 13 h. When testing the simulated polluted raw surface water (10 5 -10 6 /CFU) Colilert 3000 detected a positive signal after 6-8 h. These results shows that in case of substantial pollution of our raw surface water the Colilert 3000 enables to get an early signal of deterioration in raw water quality (Fig. 5) .
Conclusions
Comparison of COLILERT 3000 against Colilert 18, MF and MPN has several advantages and disadvantages as follows:
-Colilert 3000 is user friendly, allows on-line detection of coliforms and fecal coliforms with automatic continuous sampling (four times in 24 h) which supports early warning of water pollution. It has shorter time span for positive results (5 to 10 h) compared to 18-24 h with methods used routinely worldwide. It can operate up to 7 days with no reagent recharge and can send remote alert messages. According to manufacturer specifications and the present evaluation study, Colilert 3000 can be used as reliable online automatic equipment for detection of bacterial contamination of treated drinking water. -The main disadvantage is the substantial positive results with both coliforms and E. coli when testing raw drinking water that comprise larger numbers of interfering microorganisms commonly found in this water types. In order to overcome this weakness it may be suggested to add an inhibitory compound to the ONPG + MUG medium which will enable the specifically inac- tivate other indigenous surface water bacteria (i.e. Aeromonas, Vibrio, etc.) which interfere with the Colilert method in general. False negative results attributed to presence of E. coli that does not have β-glucoronidase activity as already reported by others (Chao et al. 2004 ) are another drawback but in this case of all methods utilizing MUG as substrate (Chao et al. 2004 ). -A minor disadvantage of on-line equipment such as Colilert 3000 is its dependency on electrical supply and malfunction of measurement cells (as found by us).
